Introduction
============

Life requires continuous weighing of costs and benefits to make decisions among outcomes which differ with respect to magnitude, probability, and delay to their arrival. Such choices may prove particularly critical at advanced ages when poor decision-making (e.g., with respect to finances or healthcare) could have deleterious consequences for maintenance of independence and overall quality of life. Many of the neural, cognitive, emotional, and social factors that influence decision-making processes are known to change across the lifespan, but how such alterations integrate to impact decision-making remains poorly understood (Mohr et al., [@B35]; Eppinger et al., [@B15]). Such questions are becoming increasingly important, however, given that average life expectancy and the cognitive disabilities associated with advanced age continue to rise (AgingStats.gov, [@B2]).

Risk-taking has been most often evaluated in aged individuals within the context of economic decisions. Conventional wisdom suggests that risk-taking decreases in normal aging (Kumar, [@B27]), consistent with evidence that aged individuals report less impulsivity and sensation-seeking than their younger cohorts (Roalf et al., [@B39]). Indeed, such risk-aversion may be an adaptive strategy under some circumstances (e.g., to preserve accumulated wealth toward the end of life), although excessive risk-aversion could be maladaptive in circumstances in which some degree of risk-taking provides a greater net gain. Notably, however, other studies show that aged adults can actually be less likely than young to choose low-risk options in some circumstances (Denburg et al., [@B14]; Henninger et al., [@B24]). Broadly speaking, whether decision-making improves, declines, or remains stable across the lifespan seems to depend on the type of decision-making and the context in which decisions are framed (Mather, [@B32]; Mata et al., [@B31]; Mienaltowski, [@B33]; Strough et al., [@B52]). Indeed, relationships between some aspects of decision-making and aging may be non-linear, with decision quality increasing up to approximately age 50 and then declining thereafter (Agarwal et al., [@B1]).

Within this context, substantial variability in risk-based decision-making has been reported among aged individuals, implicating multiple cognitive and neural mechanisms (Denburg et al., [@B14]; Brown and Ridderinkhof, [@B8]). The degree to which an individual is able to accurately anticipate both future rewards and costs will influence choice behavior (Eppinger et al., [@B15]); however, studies directly investigating rewards and costs in aging have yielded somewhat disparate results. Gilbert and colleagues reported robust deficits in anticipation of a sucrose reward in aged rats (Maasberg et al., [@B29]), and Frank and Kong ([@B18]) found enhanced learning about negative compared to positive outcomes in an older compared to a younger subgroup of aged adults. In contrast, Samanez-Larkin et al. ([@B42]) reported that aged subjects showed no difference in their behavioral or neural responses to anticipated rewards but significantly attenuated responses to anticipated costs (although in the same study they found no age difference in subjects' ability to learn about positive vs. negative outcomes). Together, these studies indicate that the effects of age on processing of rewards and costs may be largely dissociable, and support a multiple factor causal framework for age-related changes in decision-making (Brown and Ridderinkhof, [@B8]). Indeed, deficits in mnemonic abilities are also prevalent among aged individuals, and at least one study found that individual differences in memory and information processing speed could account for some aspects of risk-based decision-making in aged individuals (Henninger et al., [@B24]).

Naturalistic rodent models mimic human aging in a number of cognitive domains, such as memory and aspects of executive function (e.g., cognitive flexibility). As in humans, there are robust individual differences in cognitive performance among aged rats (Gallagher et al., [@B20]; Barense et al., [@B5]; Schoenbaum et al., [@B45]; LaSarge et al., [@B28]; Bizon et al., [@B7]). Because the laboratory rearing environment is largely homogeneous, these individual differences in cognitive aging can be largely dissociated from experiential factors in a way that is difficult to achieve in human populations. In previous work, our laboratory used young and aged Fischer 344 (F344) rats to determine how normal aging affects inter-temporal decision-making, and found that aged rats showed strongly attenuated discounting of delayed rewards relative to young (Simon et al., [@B47]). To our knowledge, however, there are no studies in which animal models have been used to evaluate the effects of age on risk-based decision-making. In the current study, young and aged F344 rats were assessed on a probability discounting task which involved making discrete-trial choices between small certain rewards and large probabilistically delivered rewards (Cardinal and Howes, [@B10]; Floresco et al., [@B17]). The same rats were also assessed in the Morris water maze to determine how age-related alterations in decision-making are related to spatial learning and memory.

Materials and Methods
=====================

Subjects
--------

Young (5--6 months) and aged (22--24 months) male F344 rats were obtained from the National Institute on Aging colony (Taconic Farms, Hudson, NY, USA) and housed in the AAALAC-accredited vivarium facility in the Psychology Building at Texas A&M University in accordance with the rules and regulations of the Texas A&M University Laboratory Animal Care Committee. The facility was maintained at a consistent 25°C with a 12-h light/dark cycle (lights on at 0800 hours) with free access to food and water except as noted below. Rats were tested in five cohorts (each including at least *n* = 3 of each age). These cohorts were tested in the probability discounting and associated control conditions, and a subset was also tested in the Morris water maze, either immediately before or immediately after the decision-making tasks. There was some attrition across experiments, particularly in the aged group, such that only a portion of the rats tested in the probability discounting task completed all of the other tasks.

### Experiment 1: Assessing the effects of age on probability discounting

#### Apparatus

Testing in the probability discounting task and control conditions was conducted in eight identical standard rat behavioral test chambers (30.5 cm × 25.4 cm × 30.5 cm, Coulbourn Instruments, Whitehall, PA, USA) with metal front and back walls, transparent Plexiglas side walls, and a floor composed of steel rods (0.4 cm in diameter) spaced 1.1 cm apart. Each test chamber was housed in a sound attenuating cubicle, and equipped with a recessed food pellet delivery trough fitted with a photobeam to detect head entries and a 1.12-W lamp to illuminate the trough. This trough, into which the 45-mg grain-based food pellet rewards (PJAI, Test Diet, Richmond, IN, USA) were delivered, was located 2 cm above the floor in the center of the front wall. Two retractable levers were located to the left and right of the food trough, 11 cm above the floor. Experiments were controlled and data were collected by a computer interfaced with the behavioral test chambers and equipped with Graphic State 3.01 software (Coulbourn Instruments).

#### Experimental procedures

Prior to the start of behavioral testing, rats (*n* = 20 young and 20 aged) were reduced to 85% of their free feeding weight over the course of 1 week, and maintained at this weight for the duration of the experiments (except during water maze training). On the day prior to shaping, each rat was given five 45 mg food pellets in its home cage to reduce neophobia to the food reward used in the task. Shaping procedures for the probability discounting task followed those used previously (Cardinal et al., [@B11]; LaSarge et al., [@B28]; Simon et al., [@B47]). Shaping began with a 64-min session of magazine training consisting of 38 deliveries of a single food pellet with an inter-trial interval (ITI) of 100 ± 40 s. Following magazine training, rats were trained to press a single lever (either the left or right, counterbalanced across groups; the other lever was retracted during this phase of training) to receive a single food pellet. After reaching a criterion of 50 lever presses in 30 min, rats were then trained on the opposite lever under the same criterion. This protocol was followed by further shaping sessions in which both levers were retracted and rats were trained to nose poke into the food trough during simultaneous illumination of the trough and house lights. When a nose poke occurred, a single lever was extended (left or right, pseudorandomly determined, such that each lever was presented once in every two-trial block), and a lever press resulted in immediate delivery of a single food pellet. Immediately following the lever press, the trough light was extinguished and the lever was retracted. Rats were trained to a criterion of 30 presses on each lever within 60 min, with an ITI of 40 ± 10 s.

Test sessions in the probability discounting task were 60 min long and contained five blocks of 18 trials each. Each 40 s trial began with a 10-s illumination of the food trough and house lights. A nose poke into the food trough during this time extinguished the food trough light and triggered extension of either a single lever (forced choice trials) or of both levers simultaneously (free choice trials). If rats failed to nose poke within the 10-s time window, the lights were extinguished and the trial was scored as an omission. A press on one lever (either left or right, counterbalanced across age groups) resulted in immediate delivery of one food pellet (the small reward). A press on the other lever resulted in immediate delivery of two food pellets (the large reward) on a probabilistic basis. The probability of large reward delivery in the first block of trials was set at 100%. In subsequent blocks of trials, the probability of large reward delivery decreased to 75, 50, 25, and 0%. Each block began with eight forced choice trials in which only a single lever was extended and which were used to establish the probabilities in effect for that block (four for each lever), followed by 10 free choice trials (Cardinal and Howes, [@B10]; Simon et al., [@B46]). Once either lever was pressed, the levers were immediately retracted. Food delivery was accompanied by re-illumination of both the food trough and house lights, which were extinguished upon entry to the food trough to collect the food or after 10 s, whichever occurred sooner. Failure to press either lever within 10 s of their extension resulted in the levers being retracted and lights extinguished, and the trial was scored as an omission. Rats were tested in the probability discounting task until stable performance was observed across a five session block (at least 25 sessions -- see *Data Analysis* for description of stable performance).

### Experiment 2: Assessing the effects of age on sensitivity to reward probability (equal rewards condition)

To assess the rats' ability to detect and respond to the different probabilities of reward delivery employed in the probability discounting task, the amount of food associated with each of the levers was equalized (i.e., one food pellet for either choice) while the probabilities of delivery remained the same as in Experiment 1. Rats were tested under these conditions until stable performance was achieved (at least 10 sessions).

### Experiment 3: Assessing the effects of age on sensitivity to reward magnitude (equal probabilities condition)

To assess the rats' ability to detect and respond to differences in reward magnitude, the amounts of food associated with each lever were restored to their initial conditions (one food pellet vs. two food pellets) and the probability of large reward delivery was set to 100% for all five blocks. Rats were tested under these conditions until stable performance was achieved (at least 10 sessions).

#### Data analysis

For Experiments 1--3, raw data files were exported from Graphic State software and compiled using a custom macro written for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky). Statistical analysis was conducted in SPSS 19.0. Analyses of stable performance in the decision-making tasks were conducted using a two-factor repeated measures ANOVA (trial block X test session) conducted on the last five consecutive sessions of testing in each experiment. Stable performance was defined as a main effect of trial block in the absence of main effects or interactions involving test session (Mar and Robbins, [@B30]; Simon et al., [@B47]). Comparisons between groups in the decision-making tasks were conducted on averaged data collapsed across these last five (stable) sessions, using two-factor repeated measures ANOVA (group X trial block), with Tukey's *post hoc* tests when warranted. For all analyses, *p* values less than 0.05 were considered significant.

### Experiment 4: Are age-related alterations in decision-making related to spatial memory impairment?

#### Apparatus

The water maze consisted of a circular tank (diameter 183 cm, wall height 58 cm) painted white and filled with water (27°C) made opaque with the addition of non-toxic white tempera paint. The maze was surrounded by black curtains to which were affixed large white geometric designs, which provided extramaze visual cues. For the spatial reference memory (hidden platform) task, a retractable escape platform (12 cm diameter, HVS Image, UK) was submerged 2 cm below the surface of the water in the center of the southwest quadrant of the maze. For the cued (visible platform) task, the platform protruded 2 cm above the surface of the water, and was located in a different quadrant of the maze on each trial. A video camera mounted above the center of the maze was connected to a DVD recorder and computer, which were used for data storage and analysis using a video tracking system (Water 2020, HVS Image, UK).

#### Procedures

*Spatial reference memory (hidden platform) task*. Spatial reference memory was assessed as described previously (LaSarge et al., [@B28]; Bizon et al., [@B7]). Briefly, rats received three daily training trials with a 30-s ITI over eight consecutive days. On each trial, rats were placed into the water facing the wall of the maze at one of four equally spaced start positions (north, south, east, or west). The start positions were varied in a pseudo-random fashion, such that all rats started from each of the locations approximately the same number of times. Once in the water, rats were allowed to swim until they found the hidden platform or until 90 s elapsed, at which time they were guided to the escape platform by the experimenter. Rats remained on the platform for 30 s and then were placed in a holding chamber for 30 s before the next trial. Every sixth trial was a probe trial in which the platform was lowered to the bottom of the maze for the first 30 s of the trial, after which it was raised to allow the rats to escape.

*Cued (visible platform) task*. On the day after the last session of spatial reference memory training, rats were given a single session with six trials of cue training. For cue training, rats were trained to escape to a visible platform (painted black and protruding 2 cm above the water's surface). Both the start position and platform location were varied on each trial, making the extramaze cues explicitly irrelevant to the platform location. On each trial, rats were allowed to search for the platform for a maximum of 90 s and then were allowed to remain there for 30 s before a 30-s ITI.

#### Behavioral and statistical analyses

For each task, data files were created by the Water 2020 software and were exported to Microsoft Excel and SPSS (v. 19.0) for analysis. Training trial data in the spatial reference memory task were averaged into four blocks consisting of the five trials preceding each probe trial, and performance was analyzed using a pathlength measure (pathlength is the total distance traveled from the start position to the platform and is reported in centimeters). To provide an overall measure of spatial learning ability for each rat, a "spatial learning index" was calculated using mean search error from interpolated probe trials, as described in Bizon et al. ([@B7]), Gallagher et al. ([@B20]). To calculate search error, the rat's distance from the platform was sampled 10 times/s and these distances were averaged into 1 s bins. Mean search error is the sum of these 1 s bins minus the optimal path from the start location to the platform, divided by the 30-s duration of the probe trials. Mean search error on probe trials is weighted and summed to provide the spatial learning index (Gallagher et al., [@B20]; Bizon et al., [@B7]). Comparisons between groups on training trials (in both the hidden and visible platform tasks) were conducted using two-factor ANOVA (group X training trial), with Tukey *post hoc* tests when warranted. In all cases, *p* values less than 0.05 were considered significant.

Results
=======

Experiment 1: Assessing the effects of age on probability discounting
---------------------------------------------------------------------

Rats (*n* = 20 young and 20 aged) were first tested in the probability discounting task, which involved discrete-trial choices between a small certain reward and a large reward for which the probability of delivery decreased in blocks of trials across the course of each test session. As shown in Figure [1](#F1){ref-type="fig"}A, all rats decreased their choice of the large reward as the probability of reward delivery decreased across trial blocks, but there were no differences between young and aged rats. This was confirmed by a two-factor repeated measures ANOVA (age X probability), which revealed a main effect of probability \[*F*~(4,\ 152)~ = 88.06, *p* \< 0.05\], but neither a main effect of age \[*F*~(1,\ 38)~ = 0.06, n.s.\] nor an interaction between age and probability \[*F*~(4,\ 152)~ = 2.14, n.s.\]. Notably, there was significantly greater variance in performance among aged rats relative to young (Levene's test for equality of variances conducted on the mean percent choice of the large reward averaged across all five trial blocks, *F* = 5.30, *p* \< 0.05; Figure [1](#F1){ref-type="fig"}B). This greater variance in the aged rats fell on both ends of the distribution relative to young rats, suggesting that differences in individual performance may be mediated by multiple underlying factors. To investigate this further, a median split was performed on data from aged rats, creating "high-discounting" and "low-discounting" subgroups (*n* = 10/group, Figure [1](#F1){ref-type="fig"}C). A two-factor repeated measures ANOVA comparing young, aged high-discounting, and aged low-discounting rats revealed a main effect of probability \[*F*~(4,\ 148)~ = 91.29, *p* \< 0.05\], a main effect of group \[*F*~(2,\ 37)~ = 19.03, *p* \< 0.05\], and an interaction between probability and group \[*F*~(8,\ 148)~ = 7.01, *p* \< 0.05\]. *Post hoc* tests revealed that each of the three groups was significantly different from the others (*p*s \< 0.05). This subgrouping was used to further investigate behavioral mechanisms underlying the different patterns of discounting observed in aged rats (see below).

![**Performance of young and aged rats on the probability discounting task**. **(A)** shows that as a group, both young (open circles) and aged (closed circles) rats discounted the value of the large reward to a comparable degree as indicated by decreased choice of the large reward as the probability of large reward delivery decreased. Notably, however, significantly greater variance in discounting performance was observed among aged rats. **(B)** shows the mean percent choice of the large reward for individual young and aged rats. By this measure, while some aged rats performed comparably to young, a large subset of aged rats showed a strong preference for the large reward. In contrast, another subset of aged rats showed less preference for the large reward compared to young. Lines indicate median performance in young and aged groups. To confirm that the mean percent choice of the large reward measure reflected true differences in discounting performance, aged rats were subgrouped via a median split into aged high- (downward-facing triangles) and aged low-discounting (upward-facing triangles) subgroups, **(C)**. Note that patterns of responding were significantly different between these two aged subgroups, falling on either side of young performance. This distinction between high- and low-discounting subgroups was used in subsequent conditions to further investigate factors that might contribute to these robustly different patterns of responding. See text for statistical analyses.](fnins-05-00144-g001){#F1}

Experiment 2: Assessing the effects of age on sensitivity to probability (equal rewards condition)
--------------------------------------------------------------------------------------------------

Differences in discounting of probabilistic rewards could be due to a number of variables, including sensitivity to probability and reward magnitude. To determine whether age-related alterations in preference for probabilistic reward could mediate the increased variance observed in aged rats, the task contingencies were altered such that responses on both levers earned a single food pellet, but the probabilities of reward delivery were the same as in the probability discounting task (100, 75, 50, 25, 0%). This task condition tested preference for certain vs. probabilistic rewards, uncontaminated by differences in reward magnitude. Young (*n* = 17) and aged (*n* = 15) rats were tested in this condition until reaching stable performance. Both young and aged rats decreased their choice of the probabilistic reward as the probability of delivery decreased \[*F*~(4,\ 120)~ = 53.90, *p* \< 0.05\], but there was no main effect or interaction involving age (*F*s \< 2.30, n.s.; Figure [2](#F2){ref-type="fig"}A). There were, however, dramatic differences between the aged high- (*n* = 7) and low- (*n* = 8) discounting rats relative to young rats. Young rats and aged high-discounting rats performed similarly, while aged low-discounting rats showed greater preference for the probabilistic reward than either of the other two groups (Figure [2](#F2){ref-type="fig"}B). A two-factor ANOVA (group X probability) revealed main effects of both probability \[*F*~(4,\ 116)~ = 44.60, *p* \< 0.05\] and group \[*F*~(2,\ 28)~ = 4.72, *p* \< 0.05\], but no interaction \[*F*~(8,\ 116)~ = 0.58, n.s.\]. *Post hoc* tests confirmed that the aged low-discounting rats had a significantly greater preference for the probabilistic reward compared to the young and aged high-discounting rats (*p*s \< 0.05), but that the young and aged high-discounting rats did not differ from each other.

![**Performance of young and aged rats in the equal rewards condition used to evaluate effects of age on sensitivity to reward probability**. **(A)** shows that in this condition, both young and aged rats discounted the probabilistic reward to a similar degree. However, note that as shown in **(B)**, high- and low-discounting subgroups showed markedly different patterns of responding in this condition. Aged low-discounting rats (upward-facing triangles) maintained a strong preference for the probabilistically delivered reward, whereas both young (open circles) and aged high-discounting (downward-facing triangles) rats strongly discounted this choice. See text for statistical analyses.](fnins-05-00144-g002){#F2}

To confirm that the observed differences between aged high- and low-discounting rats in the equal rewards condition were not an artifact of the median split of the aged group, the same median split procedure was performed on the young group based on performance in the probability discounting task. As expected, young high- and low-discounting rats differed significantly from each other on the probability discounting task in Experiment 1 \[main effect of probability, *F*~(4,\ 72)~ = 82.99, *p* \< 0.05; main effect of group, *F*~(1,\ 18)~ = 33.26, *p* \< 0.05; interaction between probability and group, *F*~(4,\ 72)~ = 4.76, *p* \< 0.05\]. Importantly, however, these groups did not differ in the equal rewards condition \[main effect of probability, *F*~(4,\ 60)~ = 27.81, *p* \< 0.05; main effect of group, *F*~(1,\ 15)~ = 0.05, n.s.; interaction between probability and group, *F*~(4,\ 60)~ = 0.88, n.s.\], suggesting that the difference between the aged high- and low-discounting rats on the equal rewards condition was representative of true phenotypic differences between the aged subgroups.

Experiment 3: Assessing the effects of age on sensitivity to reward magnitude (equal probabilities condition)
-------------------------------------------------------------------------------------------------------------

Data from the equal rewards condition suggested that differential preference for probabilistic rewards could account for some of the variance in probability discounting in the aged rats. To determine whether differential sensitivity to reward magnitude might also contribute to probability discounting performance in aged rats, the task contingencies were altered such that the reward magnitudes were returned to their original condition (one vs. two food pellets), but the probability of the large reward remained at 100% across all trial blocks. This task condition tested preference for the large vs. small reward, uncontaminated by differences in reward probability. Young (*n* = 17) and aged (*n* = 11) rats were tested in this condition until stable performance was achieved. The pattern of performance differed between young and aged rats, with aged rats showing decreased preference for the large reward across trial blocks relative to young rats {two-factor ANOVA (age X trial block): main effect of trial block \[*F*~(4,\ 104)~ = 16.11, *p* \< 0.05\], main effect of age \[*F*~(1,\ 26)~ = 19.96, *p* \< 0.05\], interaction \[*F*~(8,\ 104)~ = 3.80, *p* \< 0.05; Figure [3](#F3){ref-type="fig"}A\]}. A similar analysis was also conducted using the aged high- and low-discounting subgroups as in Experiment 2 (Figure [3](#F3){ref-type="fig"}B). A two-factor ANOVA (group X trial block) revealed a main effect of trial block \[*F*~(4,\ 100)~ = 18.99, *p* \< 0.05\], as well as a main effect of group \[*F*~(2,\ 25)~ = 25.02, *p* \< 0.05\] and an interaction between group and trial block \[*F*~(8,\ 100)~ = 3.38, *p* \< 0.05\]. In contrast to the pattern of results in Experiment 2, *post hoc* tests revealed that aged high-discounting rats (*n* = 5) had significantly reduced preference for the large reward compared to both young rats and aged low-discounting rats (*p*s \< 0.05), but that young rats and aged low-discounting (*n* = 6) rats did not differ from each other (n.s.). Importantly, although there was some mortality among aged rats prior to completing Experiments 2 and 3, this mortality likely did not account for differences between aged high- and low-discounting subgroups in these experiments, as mortality was equivalent in the two subgroups. Finally, as in the equal rewards condition, there were no differences between the young subgroups in the equal probabilities condition following a median split \[main effect of trial block, *F*~(4,\ 60)~ = 6.81, *p* \< 0.05; main effect of group, *F*~(1,\ 15)~ = 0.24, n.s.; interaction between trial block and group, *F*~(4,\ 60)~ = 1.33, n.s.\].

![**Performance of young and aged rats in the equal probabilities condition used to evaluate effects of age on sensitivity to reward magnitude**. **(A)** shows performance in this condition in which rats were given a choice between one and two food pellets, both with certain delivery. As a group, aged rats showed a decreased preference for the larger reward. Interestingly, as shown in **(B)**, this age difference appeared to be largely mediated by the aged high-discounting rats (downward-facing triangles) as both young (open circles) and aged low-discounting (upward-facing triangles) rats maintained a strong preference for the large reward across trial blocks. See text for statistical analyses.](fnins-05-00144-g003){#F3}

### Relationships between performance on decision-making tasks

The distinct patterns of differences between the aged high- and low-discounting rats and young rats in the equal rewards and equal probabilities conditions suggest that probability discounting in aged rats was mediated by aged-related alterations in two independent factors. Consistent with this interpretation, among aged rats, both the equal rewards and equal probabilities conditions were correlated with probability discounting task performance (bivariate correlation, *r*s = 0.61 and 0.66 respectively, *p*s = 0.02 and 0.03), but not with each other (*r* = 0.40, *p* = 0.22).

Experiment 4: Are age-related differences in decision-making related to memory impairment?
------------------------------------------------------------------------------------------

A subset of the rats tested in the choice tasks was also tested in the Morris water maze (*n* = 20 young, *n* = 17 aged). Figure [4](#F4){ref-type="fig"}A shows performance (pathlength to reach the hidden platform) on blocks of five training trials in the spatial reference memory task in young and aged rats. A repeated measures ANOVA (age X training trial block) revealed that rats improved over the course of training \[main effect of training trial block, *F*~(3,\ 105)~ = 27.73, *p* \< 0.05\] and that aged rats had significantly longer pathlengths than young cohorts, demonstrating impaired performance \[main effect of age, *F*~(1,\ 35)~ = 14.15, *p* \< 0.05; interaction between age and training trial block, *F*~(3,\ 105)~ = 7.34, *p* \< 0.05\].

![**Performance of young and aged rats on the spatial water maze and probability discounting tasks**. **(A)** shows that aged rats were impaired relative to young in their ability to learn and remember the platform location. Notably, as shown in **(B)**, aged high- and low-discounting rats did not differ in their spatial learning performance, indicating that mnemonic deficits are not associated with the different patterns of responding observed in the probability discounting task. See text for statistical analyses.](fnins-05-00144-g004){#F4}

Performance on the four interpolated probe trials was used to calculate a spatial learning index (Gallagher et al., [@B20]; Bizon et al., [@B7]). Learning index scores have been shown to be associated with age-related changes in neurobiological substrates of spatial memory, as well as other aspects of cognition (Nicolle et al., [@B38]; Smith et al., [@B50]; Bizon et al., [@B6]; LaSarge et al., [@B28]). As expected, an unpaired *t*-test performed on the spatial learning index data indicated that aged rats were significantly impaired (higher learning index scores) relative to young \[means ± SE: young = 211.0 ± 7.2, aged = 267.6 ± 9.1; *t*~(35)~ = 4.91, *p* \< 0.05\].

To determine whether impaired water maze performance in the aged rats was specific to spatial learning, rats were trained in a cued (visible platform) version of the water maze task in a single session on the day following the last day of spatial reference memory training. Similar to previous findings in this study population (LaSarge et al., [@B28]; Bizon et al., [@B7]; Murchison et al., [@B36]), there were no differences between young and aged rats in their ability to locate the visible platform \[mean ± SE pathlength collapsed across the six visible platform training trials: young = 332.3 ± 23.7. Aged = 306.5 ± 37.3; *t*~(35)~ = 0.60, n.s.\], demonstrating that water maze deficits in aged rats were not due to impairments in sensorimotor function, motivation, or ability to learn the procedural aspects of the task.

### Relationships between probability discounting and water maze performance

The results of the analyses described above identified age-related alterations in performance on both the choice tasks and the spatial reference memory version of the Morris water maze. To determine whether performance in these tasks was related (i.e., whether differences in water maze performance could account for individual differences in probability discounting), spatial reference memory performance was compared between aged high- and low-discounting subgroups. A repeated measures ANOVA (subgroup X training trial block) conducted on training trials revealed main effects of training trial block \[*F*~(3,\ 102)~ = 16.81, *p* \< 0.05\] and subgroup \[*F*~(2,\ 34)~ = 6.91, *p* \< 0.05\], as well as a significant interaction \[*F*~(6,\ 102)~ = 3.93, *p* \< 0.05\]. However, *post hoc* comparisons revealed that these effects were driven by differences between young rats and each of the two aged subgroups (*p*s \< 0.05), and that there were no differences between the aged high- and low-discounting subgroups with respect to spatial learning ability (Figure [4](#F4){ref-type="fig"}B). Moreover, a bivariate correlation confirmed that there was no significant relationship among aged rats between mean percent choice of the large reward in the probability discounting task and the spatial learning index in the water maze (*r* = 0.35, n.s.).

Discussion
==========

With the aging of populations in developed countries and the importance of sound decision-making for quality of life, there is increasing interest in understanding and optimizing decision-making at advanced ages. Rodent models offer several advantages for addressing such issues, including a relatively short lifespan, the ability to largely control life experience, and the ability to manipulate a range of neurobiological variables. In addition, a large literature indicates that analogous behavioral and neural mechanisms govern animal and human decision-making in young subjects (Floresco et al., [@B17]; Winstanley, [@B54]). The experiments presented here examined the effects of age on a probability discounting task requiring choices between small certain rewards and large rewards for which there were varying risks of reward omission. Although, as a group, aged rats performed comparably to young, there was considerable individual variability in aged rats' performance. Discounting performance in aged (but not young) rats was related to two distinct factors: preference for risky vs. certain rewards (as evident in the equal rewards condition), and preference for large vs. small rewards (as evident in the equal probabilities condition). Importantly, the fact that age-related alterations in these two factors drove performance on the probability discounting task in opposite directions appears to account for the absence of group age differences, and highlights the importance of considering individual differences in studies of cognition in aging (Bizon et al., [@B7]; Gallagher et al., [@B21]). Together, these findings suggest that age-related changes in two independent factors (sensitivity to costs and rewards) influence the degree to which probabilistic rewards are discounted (Brown and Ridderinkhof, [@B8]; Eppinger et al., [@B15]).

The finding that some aged rats (the low-discounting subgroup) demonstrated elevated preference for probabilistic rewards is consistent with studies in which (some) aged individuals make riskier choices than young, leading to suboptimal outcomes (Denburg et al., [@B14]; Henninger et al., [@B24]). This pattern of behavior could reflect impaired perception/discrimination of probabilities in the aged low-discounting subgroup. Another interpretation, however, is that performance in this subgroup reflects a broader deficit in sensitivity to the costs associated with the risky choice, possibly resulting from attenuated negative affect in anticipation of losses (Samanez-Larkin et al., [@B42]). This latter explanation fits the pattern of results observed previously in our laboratory in which the same study population of F344 rats was assessed on a delay discounting task (Simon et al., [@B47]). In that study, aged rats discounted delayed rewards to a significantly lesser degree than young rats. Although this pattern of behavior (strong preference for large rewards in spite of the delay to their delivery) was advantageous in the context of the delay discounting task, it could also reflect a failure to account for the costs (having to wait longer for food delivery) incurred by choosing a delayed reward. Indeed, as shown in Figure [5](#F5){ref-type="fig"}A, a median split performed on the aged rat data from this previous delay discounting study reveals a pattern of results that is similar to that from the present probability discounting experiment (i.e., some aged rats failed to adjust their choice behavior in response to the delay -- Figure [5](#F5){ref-type="fig"}B shows data from Figure [1](#F1){ref-type="fig"}C replotted for comparison). This similarity is consistent with a subset of aged rats across both experiments failing to account for the costs (delay or probability) associated with the large reward. Future studies in which performance on the delay and probability discounting tasks is compared directly are needed to determine whether deficits in cost-accounting are present in the same subset of aged rats across different types of reward costs.

![**Subsets of aged rats may have deficits in "cost-accounting."** **(A,B)** show data from two cohorts of young and aged rats that were assessed on either the delay discounting \[**(A)**, adapted from Simon et al., [@B47]\] or probability discounting task \[**(B)**, present study, replotted from Figure [1](#F1){ref-type="fig"}C for comparison\]. Together these findings suggest that attenuated discounting in a subset of aged rats may be associated with failure to properly integrate costs (probability, delay) rather than factors associated solely with the ability to detect and respond to probabilities. See text for further discussion.](fnins-05-00144-g005){#F5}

In addition to possible deficits in cost-accounting, other aged rats (the aged high-discounting subgroup) showed patterns of choice behavior that were consistent with reduced sensitivity to the reward itself. Findings from the human literature regarding reward sensitivity in aging are somewhat contradictory. For example, Samanez-Larkin et al. ([@B42]) reported maintained affective responses in anticipation of gains in aged subjects performing a monetary incentive delay task. In contrast, other studies have reported reduced neural activity and learning in aged subjects' response to rewards, indicating potential reductions in reward sensitivity (Frank and Kong, [@B18]; Hammerer et al., [@B23]). Consistent with these latter findings as well as the findings in the present study, a recent paper by Maasberg et al. ([@B29]) found a reduction in reward anticipation in aged rats performing a sucrose preference task. In contrast, in our previous study of delay discounting in aged F344 rats (Simon et al., [@B47]), we did not find evidence for age-related differences in sensitivity to reward magnitude (aged rats preferred large over small rewards to the same degree as young cohorts). Differences with respect to reward sensitivity in the Simon et al. ([@B47]) study and our current results are likely due to the fact that the magnitude of the difference between the small and large rewards differed across the two studies. In our previous study, the difference between the large (four food pellets) and small (one food pellet) rewards may have been salient enough to overcome any age-related decrements in sensitivity to reward magnitude. In the current study, the smaller difference between the large (two food pellets) and small (one food pellet) rewards may have rendered such sensitivity decrements more readily obvious. Related to this issue, a recent study by Singh et al. ([@B48]) showed no effect of age on a Pavlovian reward devaluation procedure. Devaluation of a food reward via conditioned taste aversion reduced Pavlovian conditioned responding to a cue predictive of that reward to a similar degree in young and aged rats. These findings could be viewed as contrary to age-related changes in representation of reward value; however, in the devaluation paradigm the change in reward value is arguably quite large. Considered together, these data highlight the fact that age-related deficits in reward sensitivity or anticipation are likely to affect behavior to a greater extent when the differences between rewards are small. This hypothesis may help to account for discrepant findings related to age influences on reward sensitivity.

Probability discounting was correlated with performance in both the equal rewards and equal probabilities conditions, but performance in these two conditions was not related. These findings suggest that sensitivity to costs and sensitivity to reward magnitude are distinct factors that can influence probabilistic decision-making, and that an individual's choice performance may be driven by the relative balance of these two factors (Brown and Ridderinkhof, [@B8]; Eppinger et al., [@B15]). Deficits in other cognitive functions in aging also have the potential to influence risk-based decision-making. For example, it has been suggested that due to suboptimal mnemonic abilities, aged subjects tend to rely less on new information and more on previous experience to make decisions (Sanfey and Hastie, [@B43]; Gilsky, [@B22]). Indeed, Henninger et al. ([@B24]) showed a relationship between memory and information processing abilities in aged subjects and performance on a risk-based decision task. The current findings did not support such a relationship inasmuch as probability discounting was not correlated with spatial learning in the Morris water maze. Notably, the multiple-day water maze protocol used here is dependent upon hippocampus and related circuitry but is not sensitive to working memory abilities that may be more relevant for probability discounting performance (Sloan et al., [@B49]). Working memory deficits have been reported in this study population of aged rats, but are not related to individual differences in spatial reference memory (Frick et al., [@B19]; Bizon et al., [@B7]). Nevertheless, the fact that performance in the probability discounting and water maze tasks was not correlated indicates that age-related alterations in choice behavior are not secondary to more global cognitive impairments.

In addition to working memory, other cognitive operations mediated by prefrontal cortex, such as cognitive flexibility, decline with age and may impact probability discounting performance (Robbins et al., [@B40]; Barense et al., [@B5]; Schoenbaum et al., [@B44]). Age-related impairments in cognitive flexibility are of particular note because aged rats' performance in the present study could be viewed as "inflexible," in that the degree of preference for the large reward in both aged subgroups tended to remain similar across the three choice conditions. While possible, several lines of evidence argue against this interpretation. First, when the contingencies changed across the three conditions, all young and aged rats shifted their performance to a significant degree (compare Figures [1](#F1){ref-type="fig"}C, [2](#F2){ref-type="fig"}B, and [3](#F3){ref-type="fig"}B). Second, despite the fact that performance in both the equal rewards and equal probabilities conditions was correlated with probability discounting, they were not correlated with each other. This lack of relationship was observed despite the fact that these two conditions occurred in close temporal proximity. Third, in our previous study of delay discounting in young and aged rats, we found no evidence for perseverative behavior across many additional task conditions (Simon et al., [@B47]). Together, these findings argue against explicitly perseverative behavior as the sole mediator of the current results. It remains possible, however, that elevated preference for the large reward in the aged low-discounting subgroup in the probability discounting task was due in part to some form of impaired cognitive flexibility (specifically a reduced ability to alter choice behavior in response to the within-session changes in reward contingencies). Previous findings reporting that a subset of aged rats show impaired cognitive flexibility in other tasks are consistent with this possibility (Barense et al., [@B5]; Schoenbaum et al., [@B45]).

The dopaminergic system has been strongly linked to risk-based decision-making (Brown and Ridderinkhof, [@B8]; Mohr et al., [@B35]). Stimulation of both D1 and D2 dopamine receptors increases preference for the large risky reward in the probability discounting task in rats, while stimulation of D3 receptors has the opposite effect (St Onge and Floresco, [@B51]). In addition, the activity of midbrain dopamine neurons encodes information regarding both reward probability and delay (Fiorillo et al., [@B16]; Kobayashi and Schultz, [@B26]), suggesting that this neurochemical system processes information regarding outcome costs. Consistent with this hypothesis, a recent study found that suboptimal increases in preference for the large risky reward in the probability discounting task in a chronic ethanol exposure model were associated with a failure of mesolimbic dopamine activity to encode information about risk of reward omission (Nasrallah et al., [@B37]). Given that dopaminergic neurotransmission is attenuated with age (Burwell et al., [@B9]; Kaasinen and Rinne, [@B25]), it is possible that reductions in dopaminergic encoding of reward costs could account for the increased preference for the risky reward in some rats in the present study. Serotonergic systems have also been linked to decision-making processes. Although serotonin depletion appears to have minimal effects on probability discounting (Mobini et al., [@B34]; Anderson et al., [@B3]), it can affect reward sensitivity by reducing discrimination between different reward magnitudes and/or by enhancing the effects of punishment relative to reward (Rogers et al., [@B41]; Cools et al., [@B12]). Given that serotonergic signaling appears to decline with age (Arranz et al., [@B4]; Wang et al., [@B53]), such deficits could account for the decreased preference for the large reward observed in a subgroup of aged rats in the present study. Importantly, this distinction between the possible functions of the dopaminergic and serotonergic systems is not absolute (e.g., dopaminergic signaling also encodes reward magnitude, and serotonin can modulate dopaminergic activity); nevertheless, it provides a framework for future investigation of the neural mechanisms of age-related alterations in decision-making (Eppinger et al., [@B15]).

The study presented here is, to our knowledge, the first to investigate the effects of aging on risk-based decision-making in an animal model. The results indicate substantial variability in preference for large risky vs. small guaranteed rewards in aged rats, which appears to be mediated by two distinct factors (sensitivity to costs, and sensitivity to reward). While deficits in both of these factors were observed among the aged cohort, they appeared largely dissociable, and neither was evident in all subjects. These findings suggest that variations in (at least) these two factors may account for altered decision-making at advanced ages, consistent with evidence from studies in humans (Brown and Ridderinkhof, [@B8]). In addition, the findings of robust individual differences in probability discounting in aged rats are consistent with evidence for individual differences in aged rat performance in other cognitive domains (Gallagher et al., [@B20], [@B21]; Barense et al., [@B5]; Schoenbaum et al., [@B45]; Bizon et al., [@B7]), as well as with evidence for both impaired and preserved decision-making abilities in subsets of aged humans (Denburg et al., [@B14], [@B13]). Such findings highlight the importance of taking into account individual differences when investigating cognitive aging.
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